enhanced CVD, PECVD processes. Herein we report cn the nucleatin and growth c-f Si deposited on oxidized silicon wafers by ECR PECVD in 600-700 cC temperature range, under low pressures, and usino both in situ spectroscopic ellipsometry(SE) and single wavelenqth realtime ellipsometry.
An island growth and coalescence modol is used to interpret the real-time ellipscmetry data. Initial nuclei distanand growth parameters are derived.
Atomic Force Microscopy (AFM) was used to observ. -the early stage of nucleati-n.
In situ sppctroscopic ellipsometry is used to measure the final Si film thicknesses and optical properties; The structure of the deposited crystalline Si films were characterized by XTEM. 14 
Introduction
The study of Si film nucleation and growth has been ongoing for decades". Ellipsometry techniques used in various environments such as low pressure and plasma enhanced chemical vapor deposition, LPCVD and PECVD, respectively, have been extensively Ltilized to study the Si nucleation and growth behavior, particularly for amorphous silicon(a-Si) for photoelectronics device applications 5 "8. Hottier and Cadoret 9 used single wavelength ellipsometry to study polycrystalline Si(Poly-Si) nucleation on Si 3 N 4 a decade ago. The recent trend toward selective deposition for integrated circuit, IC, applications with Poly-Si's importance in the IC field, has refocused attention on the area of Si film nucleation and growth. Our approach is to use in-situ ellipsometry to examine Si film nucleation resulting from rapid thermal, RT, and electron cyclotron resonance, ECR, plasma processes with potential application to Si selective epitaxy growth(SEG) 10 .
111
Both RT and ECR plasma CVD have been shown to be useful in SEG applications RTCVD employs low thermal exposure, while ECR is preferred for large area uniformity and low temperature deposition. In this work, we show Si film nucleation and growth in ECR plasma system. The work on RTCVD will be reported separately.
Experimental
Si films were deposited onto n-type, < 100> Si crystal wafers which were thermally 1. oxidized to have about 24 rum thick SiO 2 . The temperatures and gas flow rates were varied and the effect on nucleation and growth were monitored. The details of the ECR plasma and ellipsometer systems can be found elsewhere 14 . The samples were first heated to desired temperatures by a lamp heater behind wafer, and deposition was followed at 400 W and 2.45 GHz microwave power, in an Ar plasma under ECR conditions with +5 volt substrate bias. For Si films a 3% SiH 4 with Ar gas mixture was used.
A rotating analyzer spectroscopic ellipsometer, with an angle of incidence of 700, was used in-situ to monitor the film formation. Spectroscopic ellipsometry, SE, data was used for optical modeling and single wavelength ellipsometry at a selected wavelength for real-time measurements. Our real-time eUipsometry was carried out at a wavelength of 365 nm(3.4 eV), with a minimum data acquisition time of -1 second. The SE scans were made in the photon energy range from 2.5 to 5.0 eV.
In modeling Si nucleation, the ellipsometric T and A data are compared to the calculated T and A as obtained from models to be discussed below. The nuclei are assumed to grow in a hexagonal network. Upon coalescence of the nuclei, voids may be left under the film at the interface, or on top of the film to represent surface roughness or both. In this approach, a continuous one-film model is used, with film thickness identical to the nuclei height and the film properties constructed from that of bulk Si and voids(air) by using the Bruggemann effective medium approximation(BEMA) 15 as.
where fv is the volume fraction of Si in the film calculated based on the geometric model, Nsi and N are the complex refractive indices for Si and the film, respectively. The optical data for Si at high temperature was obtained from our SE measurements of a-Si and c-Si at temperature. In order to prevent crystallization of a-Si, lower temperatures(-600 °C) were used.
In optical modeling by SE, T and A were converted to the pseudo-dielectric function < f >.
where p =tanTeia, 0 is the angle of incidence. A non-linear curve fitting routine was used to fit the experimental data both in SE and real-time ellipsometry.
Results and Discussion r 1. The Nature of the ECR Plasma Deposited Si Films
In order to construct a reasonable optical model, the Si films need to be characterized. The deposited Si films were characterized by spectroscopic ellipsometry, SE, and cross 0 sectional TEM, XTEM. Fig. la illustrates the imaginary part, < C2>. of the pseudo-dielectric _ function, < e >, spectra for ECR PECVD Si tilms at sample temperatures of 605 to 700 1C. All the spectra show features of c-Si which has peaks located at photon energy of 3.4 and.,
,pOi a Fig. lb is the calculated < c > spectra(solid lines) as obtained from the optical model shown in Fig. 2a , for a Si film grown at 630 OC. The Si film is dominated by c-Si, and a-Si. On top of the Si film is a roughness layer which is found to be necessary for better data fitting. The roughness layer is considered to be a mixture of aSi, voids and Si0 2 . Table I compares all samples in the roughness layer thickness and Si film compositions for ECR PECVD deposited Si films. The XTEM result in Fig. 2b reveals that the deposited Si film is Poly-Si which has columnar structure and has a thickness comparable to the calculated result from SE as shown in Fig. 2a .
eV(dashed spectrum). Shown in
The optical model is consistent with XTEM, but the a-Si fraction obtained from the model must be due to the large amount of grain boundaries. Over all, the ECR deposited films are uniform, with a thin surface roughness layer, and have the characteristics of c-Si. It is also noticed that the volume fraction of voids in the Poly-Si fiEm increased significantly from 7% to 11% with a deposition temperature rise from 620 'C to 630 °C.
Nucleation Models
Si growth on -n amorphous substrate follows an incubation period, during which Si atom nuclei form and coalesce 1 . These events are influenced by a number of factors, such as temperature, Si precursor concentration, and substrate condition, etc. In general, the formation of a film follows three modes of growth: 16 1) layer-by-layer growth, where nucleation is kineticly unimportant. 2) Volmer-Weber nucleation, where individual island nuclei form and coalescence, and 3) Stranski-Krastanov growth, in which a few monolavers of film are first formed, and then island nucleation follows. Our later discussion of the experimental data will only consider the first two models, since we didn't observe StranskiKrastanov growth.
To represent nucleation, we use two extreme geometric models: 1) hemispherical nucleation model, and 2) cylindrical(or disk-like) nucleation model. The hemispherical model is adequate for a-Si:H on an amorphous substrate such as SiO 2 and on some metals such as Mo, while the cylindrical model holds for a-Si:H on c-Si, and uc-Si on c-Si 5 " 8 . The use of 6 a hemispherical cap on top of the cylindrical disk may better represent surface roughness6. Fig. 3 shows calculated t, A trajectories for Si nucleation on Si0 2 for the two models. For both models D is the distance between the nuclei assuming a hexagonal nuclei array, and D=0 simulates layer-by-layer growth and is shown as the dashed line in Fig. 3a and b. Fig.  3a for hemispherical nucleation shows that the radius of the nuclei increases continuously until the hemispheres come into contact. The positions in the 'F, A plane where the nuclei come into contact are marked by squares. In Fig. 3b which is for cylindrical nucleation, the nuclei grow to form columnar structures until contact, and then grow vertically. In this model, the growth ratio, x, which is defined as the growth rate in the plane parallel to the surface to the out of plane or vertical growth direction, is assumed to be one 6 . Both simulations assume that surface roughness evolves from the initial nucleation mode and remains unchanged after coalescence. A constant growth rate and film refractive index(N=5.0-2.8i) are assumed in both models and shown as the solid lines. Other values of K are also shown in Fig. 3b as dashed lines, and K has a significant effect on nucleation. The difference between these two models is mainly in the final film surface morphology, one 3 with hemispherical shape and another with disk shape. The treatment of coalescence for cylindrical nucleation is more complicated than for hemispherical model, in that a cone type model was found to be necessary to interpret the data for pc-Si growth on c-Si 6 .
From the simulation, island growth can be clearly distinguished from the layer-by-layer growth from the initial slope of the 'F, & trajectory. Also, the ellipsometry trajectory provides information about the Si cluster density, as calculated from the initial nuclei distance and geometric distribution of the nucleus at the very early stage of film growth 6 , The evolution of T and A, and the endpoint provides details about film coalescence and surface roughness.
AFM Images of Initial Nucleation
As shown above, the nucleation of Si can be evaluated by observing real-time ellipsometric data and our results will be shown and discussed below. However, it is useful to use atomic force microscopy, AFM, to image the T', A region which shows nuclei to be present, i.e. prior to coalescence. Fig. 4a shows an AFM image of the deposited Si film for a measured A decrease of -71, as is shown in Fig. 4b . Si islands are observed with approximate height of 5 nm and a separation of approximately 30 nm. We also found that for different temperatures which will be shown to significantly influence Si film growth, the AFM images for the early stages of film nucleation show similar morphologies.
ECR PECVD of Poly-Si
Using the optical models and information from SE, XTEM and AFM presented above, we follow the real time evolution of Si nucleation on SiO 2 using single wavelength ellipsometry. OC) follow a similar lobe shaped contour, with A decreasing by about 70, and T increasing by about 0.50 in the initial region. The T, A trajectory at these temperatures looks like that for a-Si grown at temperature below 570 OC (which is not included in the figure) . The nucleation and growth at temperatures above 630 'C is significantly different. At temperatures around 630 "C, a larger lobe shape results from nucleation. After coalescence, T, A return to the opaque condition of T =240, A = 145', which is the same endpoint for the two lower temperature data sets. The nucleation and growth at 650 IC and 700 °C show similar initial nucleation but a different later stage of growth. Fig. 6a shows & versus ¶ data for 620 °C. The solid line is a best-fit curve calculated from the cylindrical model using a refractive index N=4.4-i3.0. As mentioned earlier, the a-Si and c-Si data at high temperatures are measured by SE. However, both a-Si and c-Si have refractive indices that depend on temperature, and the a-Si index is dependent on the specific growth procedure. Also, it is never easy to decide whether the a-Si or the c-Si index is appropriate for modeling. For this reason, the refractive index chosen in the modeling is from our measurement, although the final value was deduced from curve fitting.
Also shown for comparison is the homogeneous layer-by-layer growth model which is seen to be diffcrent from the experimental result. The cylindrical island nucleation model fits the data with an island distance of 30 nm as determined by AFM (Fig. 4a) as a fixed parameter, and with a growth ratio, x=2. A schematic of this model is shown in the insert of Fig. 6a . However, the hemispherical geometry model is also adequate for data fitting, but it yields an island distance, D, of about 5 nm which doesn't agree with the AFM measurement. We expect that in this temperature range, the Si precursors are more likely absorbed on the surface so that Si nuclei are able to contact to form a continuous film. This is the Kaschiev model' by which the deposition is accomplished by the formation of two-dimensional critical nuclei, followed by lateral extension. Upon coalescence of the Si nuclei, a continuous film is formed which progresses in thickness with a thin roughness layer on top.
As seen in Fig. 5a , the nucleation and growth behavior at 630 'C is different. From the V, A plot, Fig. 6b shows the large change of both T and A in the initial region. This corresponds to nucleation with a large D or sparse nucleation. However, neither the hemispherical nor the cylindrical type model fits the data very well over the range of growth. Three dashed lines in the figure are for the hemispherical model with D=8, 20, and 30 nm. respectively. A cone-like model, which is the solid line in Fig. 6b is necessary to fit the initial part of the data. In this model, the Si nuclei grow with a growth ratio of 1.3. The nuclei grow faster out of plane prior to contp'at. An angle, 0, is introduced to simulate the conical shape of the nuclei and this angle along with the contact factor S, the initial nuclei width divided by D, determine whether nuclei coalesce to form a continuous film. Also, we did not observe a cusp feature which indicates surface relaxation 5 . We note that this feature was observed in our recent RTCVD measurements, but it will not be reported here. We expect that the Si nuclei upon coalescence form a continuous film leaving a surface roughness layer as indicated in Fig. 6b using the hemispherical model fitted with D=8 nm, at the later stage of growth.
We emphasize that our approach for the ECR plasma Si nucleation and growth model agrees with an earlier morphological study of Poly-Si growth at low and high temperatures and theoretical calculations of surface morphology in CVD for the slow and fast kinetics 18 .
For higher temperatures of 650 and 700 "C, the initial nucleation can be similarly fitted to the cone model and Table II list some fitting parameters. However, using our current model we are not able to fit the later stage of growth. From our SE results for these temperatures, we see that the surfaces are rougher and there are larger void fractions in the Poly-Si film. We expect that at these temperatures, the Poly-Si roughness dominates the optical measurement. b) SiH 4 /Ar flow rate Fig. 5b is for the 'F, A data for different SiH 4 (3%) flow rates at 700 'C. In all experiments. Ar was kept at same flow rate of 20 sccm and the total pressure was nearly constant. We see at this high temperature that clear features of nucleation were observed which varied with SiR 4 flow rate. The initial data were fitted using the same model as in Fig. 6b with fitting parameters listed in Table Ilb. In the model, 8=0 indicates that the film barely coalesces to form a continuous film. When Sil 4 flow rate is low, Si atoms are more likely to form isolated nuclei or crystal facets. Also, it is interesting to observe that increasing the flow rate does not change this behavior very much. From another point of view, whether Si nucleation will form a continuous film or not depends mainly on the surface temperature in our range of experimental conditions.
Conclusions
The nucleation and growth behavior of Poly-Si in ECR PECVD have been studied using XTEM, AFM, SE and single wavelength real-time ellipsometry. The data for nucleation and growth of Poly-Si from SiH 4 on oxidized silicon substrates, can be interpreted using an island nucleation model, where cylindrical type islands with an initial spacing in agreement with AFM measurements. The initial spacing, D, does not depend strongly on temperature, and is around 30 nm, which is larger than that(10 nm) for a-Si growth as reported by other authors 9 . Complete coalescence is observed for ECR PECVD at lower temperatures. At higher temperatures, a cone-like model has to be used to fit the data.
We have shown how the wafer temperature and gas flow rate affect nucleation and growth. Higher temperatures seem to increase the surface roughness as well as increase the growth rate, while the low SiH 4 flow rates barely results in ccntinuous films. The parameters are within abo,_t 10% error. Psi Figure 6 
